The endoplasmic reticulum adapts to fluctuations in demand and copes with stress through an adaptive signaling cascade called the unfolded protein response (UPR). Accumulating evidence indicates that the canonical UPR is critical to the survival and function of insulin-producing pancreatic b-cells, and alterations in the UPR may contribute to the pathogenesis of type 2 diabetes. However, the dynamic regulation of UPR molecules in the islets of animal models and humans with type 2 diabetes remains to be elucidated. Here, we analyzed the expression of activating factor 6 (ATF6a) and spliced X-box binding protein 1 (sXBP1), and phosphorylation of eukaryotic initiation factor 2 (eIF2a), to evaluate the three distinct branches of the UPR in the pancreatic islets of mice with diet-or genetic-induced obesity and insulin resistance. ATF6 and sXBP1 expression was predominantly found in the b-cells, where hyperglycemia coincided with a decline in expression in both experimental models and in humans with type 2 diabetes. These data suggest alterations in the expression of UPR mediators may contribute to the decline in islet function in type 2 diabetes in mice and humans.
T he endoplasmic reticulum (ER) is highly sensitive to the microenvironment and alters its functional capacity to meet the changing demands of the cell. Perturbations of the folding environment of the ER trigger an adaptive signaling pathway known as the UPR. Activation of the UPR involves the engagement of three ER membrane-resident proteins: PKR-like ER kinase (PERK), inositol requiring 1a (IRE1a), and activating transcription factor 6a (ATF6a) 1 . These proteins act as sensors of the ER microenvironment and initiate adaptive responses to improve the functional capacity of the ER in response to stress. These adaptive responses include translational inhibition, which is achieved by the PERK/eIF2a (eukaryotic initiation factor 2) arm of the UPR pathway, and chaperone expression, which is supported by the induction of transcription factors ATF6a and the spliced isoform of X-box-binding protein 1 (sXBP1), which is generated downstream of IRE1 activation. Together with protein degradation pathways such as ER-associated degradation (ERAD) and autophagy, the adaptive UPR supports recovery from stress [1] [2] [3] , which can be critical for maintaining cell function 4 . However, prolonged and unresolved stress can lead to a switch from adaptive to maladaptive or pro-apoptotic responses that are often associated with pathological states [1] [2] [3] . Pancreatic b-cells are specialized secretory cells responsible for the production and secretion of insulin in response to glucose fluctuations. Insulin biosynthesis and proper folding require healthy ER function and an intact UPR [5] [6] [7] [8] . b-cell loss and the development of diabetes have been observed in multiple experimental models where the UPR is compromised [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and in humans with mutations in genes involved in ER homeostasis 11, 12, 15, 16, 19, 20 . Although genetically impaired UPR function has been linked to b-cell death and diabetes, the regulation of the UPR components and the role of the UPR within b-cells at different stages of type 2 diabetes in animal models and humans has not been examined. Recent studies have demonstrated expression of some of the downstream mediators of the UPR in b-cell lines or in isolated primary islets from type 2 diabetes animal models and human patients, mainly at the transcript level [21] [22] [23] [24] . However, questions in the field have remained in part because isolating and culturing primary cells could induce stress responses that are not reflective of the in vivo context and mRNA levels may not necessarily reflect the protein levels or provide insight into the posttranslational modifications of UPR components that are required for their activity. Here, in order to gain further understanding of b-cell UPR activation, we analyzed the protein levels of the main proximal regulators of the UPR-ATF6a, sXBP1, and phosphorylated eIF2a-in situ during different stages of diabetes progression. We detected marked modulation of these pathways in pancreas sections from diabetic mouse models and human patients.
Results
To evaluate the potential modulation of the three branches of the UPR in pancreatic islets during diabetes progression, we examined the expression patterns of ATF6a, sXBP1, and P-eIF2a-at the protein level in situ by immunofluorescence. As a first step, we interrogated leptin-deficient ob/ob mice at 4 weeks of age, a stage at which they are normoglycemic (Figure 1a. ), but insulin resistant and hyperinsulinemic (Figure 1b. ). Staining of pancreas sections revealed that expression of ATF6 and sXBP1 was markedly reduced in the islets of ob/ob mice, compared to age-matched wild type controls (Figure 1c ., 1d). These data suggest that during this period of b-cell compensation to insulin resistance, b-cells of ob/ob mice already exhibit a significant reduction in the expression of critical UPR components. Interestingly, we observed P-eIF2a localized primarily to the non-bcells of the islets, and in 4-week-old animals its expression was not different between ob/ob and lean controls (Figure 1e .). The P-eIF2a positive cells co-stained with glucagon (See Supplemental Fig. S1 online), suggesting that this branch of the UPR may be more highly expressed in a-cells than in other islet populations.
Next, we stained pancreas sections from 8-week-old mice, an age at which the ob/ob were profoundly hyperglycemic (Figure 1f. ) and hyperinsulinemic (Figure 1g. ). At this stage, ob/ob mice continued to exhibit decreased ATF6a and sXBP1 levels (Figure 1h., 1i. ). In contrast, P-eIF2a staining intensity was elevated in the a-cells of the islets of obese mice at this age (Figure 1j.) . It has been previously demonstrated that ob/ob mice return to normoglycemia following a transient period of hyperglycemia lasting 6-8 weeks 25, 26 . To examine the influence of these changes on islet stress responses, we evaluated ob/ob mice at 18 weeks of age, when they displayed normal glucose levels despite maintaining elevated serum insulin (Figure 1k., 1l. ). Staining revealed that this improvement of glycemia was associated with normalization of islet ATF6 and sXBP1 level (Figure 1m ., 1n.). Interestingly, the islet P-eIF2a level was no longer elevated in ob/ob mice following this transition (Figure 1o. ).
To investigate the modulation of the islet UPR during the development of diet-induced insulin resistance, we placed male C57/BL6 mice on a high fat diet (HFD) that contained 60% kcal from fat. Interestingly, although 1 week of HFD feeding was not sufficient to The striking regulation of UPR components in the islets of mouse models prompted us to examine these parameters in the pancreatic islets of type 2 diabetics. We obtained pancreatic sections from 5 control and 8 diabetic donors (Table 1) and assessed the UPR using Analysis of body weight, fasting glucose, and serum insulin after one week on diet. Immunofluorescence analysis was performed using (d). anti-ATF6 (red), (e). anti-sXBP1 (red), or (f). anti-P-eIF2a (red), and anti-insulin antibodies (green). Quantification was performed on 10-20 islets per mouse. (g-l). Mice and pancreas sections were analyzed as above after 13 weeks on diet. Data are presented as mean 6 SEM, with statistical analysis performed by Student's t test (***p , 0.001, *p , 0.05). our immunofluorescence approach. In these samples, ATF6a, sXBP1, and P-eIF2a staining was readily detectable in control sections as well as those from patients with preclinical (PC) or early stage disease. Although the expression of these UPR components was variable in the T2D patients, cumulatively we observed a significant decrease in ATF6a and sXBP1 expression in the islets of diabetic subjects (Figure 3a., 3b. ). This pattern is highly reminiscent of our observations in genetically obese mice, and supports the concept that a deficient b-cell UPR response coincides with the emergence of frank disease in both mouse and human. Interestingly, the level of P-eIF2a was reduced in the islets of most diabetic patients (Figure 3c. ).
Discussion
Sustaining b-cell secretory function in the face of obesity and insulin resistance is assumed to place a heavy demand on the b-cell ER 27 . ER stress has been implicated in b-cell failure in diet-induced and genetic mouse models of diabetes 21, [28] [29] [30] , and in human patients 22 . However, the dynamic responses of b-cells to increased insulin demand during the development of insulin resistance is not well understood, in part due to limitations in the reagents required to study ATF6a, sXBP1, and P-eIF2a in vivo.
Here, we used recently developed antibodies and staining techniques 31 to investigate UPR modulation in mice with genetic and diet-induced obesity and insulin resistance. We found that in the genetic model (ob/ob), disruption of the UPR was detectable in bcells prior to the onset of hyperglycemia, likely due to the increased demand for insulin production. In this model, the UPR response was insufficient to sustain b-cell functional capacity, and deficiency of the ATF6 and sXBP1 arms was pronounced in 8-week-old mice with insulin resistance. Remarkably, expression of these UPR markers resolved following the transition of ob/ob mice to a euglycemic state, likely indicating a lower level of ER stress within individual b-cells due to the expansion of b-cell mass at this age. In contrast, the prediabetic stage of the HFD model was marked by an upregulation of sXBP1, perhaps indicating that b-cells were capable of responding to mild dietary stress by activating UPR pathways. However, as in the genetic model, once HFD-fed mice progressed to hyperglycemia, there was a significant decrease in the level of ATF6, indicating failure of the b-cell UPR to compensate for the ongoing insulin demand. A similar general trend was observed in our analysis of human tissue samples, in which deficiency of UPR component expression was associated with the diabetic phenotype. In contrast to the primarily b-cell-specific localization of ATF6 and sXBP-1, we observed relatively high expression of the third UPR branch (P-eIF2a) in a-cells of mouse islets, and states of hyperglycemia were associated with increased eIF2a phosphorylation. Models of hyperglycemica including ob/ob mice and HFD-fed rats have previously been shown to be hyperglucagonemic 32, 33 , as have human subjects with impaired glucose tolerance 34 . Thus our observation of increased eIF2a phosphorylation in the setting of hyperglycemia may reflect an adaptive response within a-cells to the stress associated with increased production of glucagon. Alternatively, it may be possible that different islet cell types that are in contact within the same microenvironment transfer stress signals, and that b-cell stress induces adaptive responses in neighboring cells. The level of eIF2a phosphorylation was decreased in human diabetic samples, which may highlight a difference in the adaptive capacity of this lineage between mice and humans, although there are limitations in these human studies that limit our interpretation and will require further investigation.
A recent study from Chan et al. 35 investigated the expression of UPR markers in islets isolated from db/db and ob/ob mice at 6 and 16 weeks of age, demonstrating that ER chaperones and the distal mediators of UPR declined with time in db/db islets but were maintained or increased at 16 weeks in ob/ob islets. In contrast, we observed decreased expression of UPR mediators within ob/ob islets during the hyperglycemic stage, and normalization in euglycemic 18 weekold animals. These differences may be related to the timing of analysis in our study, or may reflect differential regulation of these mediators at the RNA and protein level. In addition, it may be difficult to reconcile our in situ analysis with measurements in islets ex vivo, because the islet isolation process may itself alter stress responses. However, taken together with previously reported studies, the data presented here support a model in which ER stress is evident in beta cells at earlier stages of disease and continuous beta cell stress that cannot be met with a continuous and productive UPR in the long term may lead to the demise of these cells. Finally, the defective patterns of some UPR branches appears to be a shared pathology between type 1 and type 2 diabetes 31 . We believe that this work represents an important advance in the understanding of the dynamic responses of islet cells to the stress associated with the development of insulin resistance and diabetes. However, further investigation and interventional studies will be required to understand how alterations in specific branches of the UPR affect islet function. In addition, due to the small sample size available for the analysis, in our human studies we are not currently able to determine whether UPR component expression declines as a marker or driver of b-cell failure. This notwithstanding, the broad agreement between our observations in animal models and in human samples support the hypothesis that ER stress plays an important role in type 2 diabetes in humans, and that a decline in adaptive responses within b-cells underlies the progression of the disease. In addition to its role in b-cells, ER stress also underlies the development of obesityinduced insulin resistance in other tissues 2, [36] [37] [38] . Thus, it will be interesting to determine if chemical chaperone treatment is an effective strategy to manage both b function and peripheral insulin sensitivity in diabetes, both type 1 and type 2 31, 39, 40 .
Methods
Human pancreatic tissue. Paraffin embedded pancreatic sections from female cadaveric donors including non-diabetic controls and type 2 diabetes patients were obtained from the Juvenile Diabetes Research Foundation (JDRF)-sponsored Network for Pancreatic Organ Donors with Diabetes (nPOD) program (http://www. jdrfnpod.org/for-investigators/online-pathology-information/). Insulin positive (Ins1) b-cells were used for staining and quantification. Information regarding the human tissue donors is in Table 1 .
Mouse models. The animal care and experimental procedures were performed in accordance and with approval from animal care committees of Harvard University. Male C57/BL6 and homozygous B6.V-Lep ob /J (ob/ob) mice were purchased from Jackson Labs. C57BL/6J mice used in the diet-induced obesity model were placed on high fat diet (Research Diets: D12492) at 10 weeks of age for the indicated period of time.
Histological analyses. Pancreata from C57/BL6 and ob/ob mice were dissected, formalin fixed, and paraffin embedded. Antigen retrieval was performed on 5 mm serial sections of the pancreata by heating the sections in citrate buffer (pH: 6) for 20 mins. Sections were blocked with 5% normal goat serum in phosphate buffered saline (PBS) for 30 mins and incubated with primary antibodies: anti-insulin (15200, Linco) 2 h at room temperature, anti-ATF6a (1520, Santa Cruz Biotechnology), antisXBP1 (1520, in house, rabbit poly-clonal), and anti-P-eIF2a (1520, Invitrogen) at 4uC overnight. Sections were then incubated for 2 h at room temperature with goat anti-guinea Alexa 488 or with goat anti-rabbit Alexa 568 (15200, Invitrogen Molecular Probes) in PBS. Samples were mounted in Vectashield medium with DAPI (Vector Laboratories) for viewing with a Zeiss Apotome system. ATF6 and sXBP1 immunostaining was validated using b-cell deletion models for both genes as previously described 31 .
Image analysis. Image analysis was performed by using custom software developed by MATLABH (The Mathworks, Inc.). Briefly, islet regions were identified as contiguous areas (connected pixels) of insulin staining (green channel) at or above a threshold intensity value optimized across multiple images. Data acquisition was automated, and mean fluorescence intensity for insulin (green channel) and for either sXBP1, ATF6 or P-eIF2a (red channel) was calculated as the sum of intensities for all pixels divided by the number of pixels within the islet.
Statistical analysis. Analysis of data was performed using the program GraphPad Prism. Data are represented as the means 6 SEM and analyzed using Student's t test and one-way ANOVA with Tukey's post test. P , 0.05 was considered statistically significant.
